Abstract-A novel multi-objective off-board EV charging station (EVCS) for smart homes is proposed, where the option to integrate a set of functionalities in a single equipment for the smart grid power management is a distinguishing contribution. The EVCS is carefully described along the paper, where its attractive functionalities are: (a) Direct interface with the EV battery, permitting to achieve a flexible grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation, according to the demand response strategy of the smart grid; (b) Operation as a smart active power conditioner independently of the EV presence; (c) Operation as a reactive power compensator, agreeing to the requirements of the power grid. These functionalities allow to enhance the power quality points in smart homes and grids. The control algorithm of the EVCS is meticulously defined according to the smart home control and the smart grid necessities, aiming to accomplish with the aforementioned functionalities. This paper offering an experimental validation, obtained with a developed prototype, which corroborates the attractiveness of the multi-objective EVCS for smart homes and grids.
I. INTRODUCTION
The dissemination of electric mobility, mainly endorsed by the new era of electric vehicles (EV), signifies a new paradigm of mobility and a contribution for promoting environmental sustainability in smart grids [1] [2] . However, the reduced energy storage capacity and the long-time required to perform a full battery charge are recognized as the main disadvantages for a fast EV spreading [3] [4] , but the EV diffusion can also signify a pertinent influence for the power grids, bringing a set of advantages. An outlook about the actual status, challenges, opportunities, and issues of the EV is explored in [5] .
Nowadays, the available plug-in EVs are equipped with on-board chargers to interface the grid [6] [7] . As these chargers are not controlled by the grid, the large-scale introduction of EVs may result in unpredictable power quality problems for the grid [8] [9] [10] [11] . This is more relevant seeing a predicted large-scale penetration of EVs as demonstrated in the power quality study presented in [12] , and with new perspectives of operation for grid connected EVs [13] . Notwithstanding, prospecting a wide dissemination of EVs, new opportunities of operation are emerging, positioning the EV as a strategic element in smart grids. These opportunities are mainly associated with the flexible charging for a demand response strategy [14] [15] , the operation as vehicle-to-grid (V2G) exchanging active power with the grid [16] [17] [18] , the collaborative interaction with renewables for a demand-side management [19] [20] [21] , and the operation as a reactive power compensator [22] [23] [24] . Associating all of these strands in terms of operating scenarios, the EV will represent an indispensable influence in smart grids. Moreover, since smart homes will be crucial for the smart grid development [25] , the home charging will play a leading role in the EV interface with the grid, since the aforementioned opportunities can be implemented for in a smart home scenario. In this perspective, the EV interaction with a smart home considering methodologies, foresights, and the customer perspective are analyzed in [26] . As a contribution to a faster charging process, new off-board infrastructures from few kW to hundreds of kW are appearing for smart homes [27] [27] . This paper proposes a new concept of EV charging station (EVCS), supported by a multi-objective off-board architecture. Fig. 1 shows the proposed EVCS framed in a smart home scenario. As illustrated, the main innovative features are related with the flexible and bidirectional power operation in grid-to-vehicle (G2V) or V2G modes, the operation as smart active conditioner, and the operation as a reactive power 978-1-5090-6684-1/18/$31.00 ©2018 IEEEcompensator for the grid. Therefore, the foremost contributions of the EVCS are: (a) Direct interface with the EV battery (dc charging), for a flexible operation in G2V and V2G according to the demand response strategy of the smart home or grid; (b) Operation as an active conditioner, compensating the power quality problems caused by home nonlinear loads; (c) Operation as a capacitive or inductive reactive power compensator according to the requirements of the power grid. Through the interface of the smart home, these two last contributions enhance the power quality levels in smart grids. Although there are some interesting features in many other EV supply equipment (EVSE), none is prepared to support all the functionalities presented in this paper at the same time. For instance, an on-board EV charger only allowing a flexible operation is analyzed in [28] , an on-board EV charger allowing the possibility to compensate quality issues is evaluated in [29] , and an on-board EV charger prepared to reactive power is assessed in [24] . These interesting features were corroborated individually and only by means of on-board EV chargers. Therefore, they are offered only during the time that the EV is plugged-in and in the charging station where it is plugged-in, representing the fundamental disadvantages.
The paper is organized according to: Section II describes the introduction of the proposed structure for the EVCS in a smart home scenario; Section III explains the implemented control algorithm; Section IV presents an experimental validation of the EVCS operating in the different operation modes; Section V completes the paper with conclusions.
II. PROPOSED STRUCTURE FOR THE ELECTRIC VEHICLE CHARGING STATION
The proposed structure for the EVCS is presented in Fig. 2 . In the grid side, a full-bridge ac-dc converter is used, and, in the EV battery side, a half-bridge dc-dc converter is used, both allowing a bidirectional operation. These converters were selected due to their robustness and due to the comprehensive control that can be employed for multi-objectives as proposed in this paper. The full-bridge converter is used throughout all the operations of the EVCS, i.e., letting a flexible process for charging (G2V) and discharging (V2G) the batteries, and for power factor and harmonic compensation. The half-bridge converter is only used throughout the G2V or V2G modes, i.e., when it is mandatory to charge or discharge the batteries.
III. CONTROL ALGORITHM FOR THE ELECTRIC VEHICLE CHARGING STATION
The EVCS control algorithm is executed based on the acquired variables in the ac and dc sides. In the ac side, besides the grid voltage and current, it is also measured the total current in the smart home. As a contribution for the smart home, a communication with an external cloud-based management system is also required, permitting to state collaborative strategies of operation. The presence or absence of the EV is the differentiating factor for the EVCS operation with active power. When the EV is plugged-in, the active power in the grid side of the EVCS is defined as:
where V G and I EVSC are, respectively, the rms values of the voltage and current in the grid side. The current I EVCS is controlled by the full-bridge ac-dc converter according to the required power in the dc side, i.e., an increment in the EV battery charging power directly affects the grid side current and vice-versa. Therefore, and also considering the power absorbed from the grid to maintain the dc-link voltage controlled (p dc ), (1) can be rewritten as:
where i ev and v ev are, respectively, the dc side variables of the EVCS. From (2), the reference for the rms value of the grid current during the operation with active power is established as:
Equation (3) provides a reference current with two drawbacks: a waveform affected by the natural oscillation of the dc-link and containing the grid voltage distortion. The first drawback is solved using a low-pass filter in the measured dc-link voltage. Therefore, the dc-link voltage has the oscillation, but it is controlled to its average value and i g is not affected by the oscillation. The second drawback is solved using a phase-locked loop (PLL) instead of the grid voltage. Hereby, the reference current is synchronized with the grid voltage with a purely sinusoidal waveform obtained from the PLL (v gPLLs ). Moreover, by using a proper PLL, it is also possible to obtain a signal in quadrature with the grid voltage (v gPLLc ), which is useful to establish a reactive power reference. In the EVCS is used the PLL proposed in [30] . Therefore, from (3), the grid current instantaneous value is obtained as:
When the EVCS operates in V2G mode, the current i ev is negative, meaning a sinusoidal grid current (i evsc ) in phase opposition with the grid voltage (v g ). As the EVCS also operates with reactive power, i.e., producing capacitive or inductive reactive power, (4) should be reformulated to consider a grid current (i evcs ) phase shifted with respect to the grid voltage (v g ), described as: 
The received signal and amplitude for the reference reactive power (Q*) will define the phase shift between the grid current (i evcs ) and the grid voltage (v g ). Using (5), the EVCS can control the grid current (i evcs ) in order to found the active and reactive operating powers. However, as the current harmonic compensation is also a possibility for the EVCS, it is necessary to know the instantaneous value of the current consumed in the smart home. A simple, but powerful strategy was adopted to define the reference current used to compensate the current harmonics. Basically, it consists in determining the fundamental component (50 Hz) of the current consumed by the electrical appliances based on the average value of its active power. Therefore, it can be established a harmonic compensating current (i ah ) as:
resulting in a final control equation as:
With (7), it is possible to establish a grid current for all the operating modes proposed for the EVCS. The current i a is measured and transmitted to the EVCS. The flexible operation in terms of active power (in G2V or V2G modes) is attained limiting the grid side current (i evcs ) and, consequently, limiting the EV current (i ev ). The digital implementation of (7) is:
where P A is determined from:
where f g and f s are, respectively, the grid voltage frequency and the sampling frequency. The square value of the rms value of the grid voltage is determined from:
The current defined by (8) is used as a reference in a linear current control scheme, letting to specify the state of the ac-dc converter with a fixed switching frequency. Scrutinizing the grid voltage, the voltage in the passive filter, and the grid current, the reference current should be applied in:
in order to control the ac-dc converter throughout a control period [k, k+1] , where v ab [k] is compared with a triangular carrier with a fixed frequency of f s /2. The value of i evcs *[k] is the reference current determined in (8) . At the same control period, the dc-dc converter is controlled with a current control scheme. Analyzing the EVCS in the EV side, the reference current should be applied in:
in order to control the dc-dc converter, where v dc [k] is also compared with a triangular carrier with a fixed frequency of f s /2. The value of i ev *[k] is imposed in accordance with the flexible active power required by the energy management of the smart grid and limited by the nominal power of the EVCS.
IV. EXPERIMENTAL VALIDATION FOR THE ELECTRIC VEHICLE CHARGING STATION
In order to validate the EVCS in the diverse modes, a real-scale prototype was developed. The laboratory workbench is presented in Fig. 3 , where the EVCS is identified. A Yokogawa digital oscilloscope was employed to attain the results with a sampling frequency of 1 ksps. The power hardware of the EVCS prototype was developed using IGBT modules from Semikron (SK75GB066), a gate-driver from Semikron (SKHI22AH4), a dc-link of 5 mF using a parallel connection of 50 capacitors (100 µF -450 V), and an inductance of 3 mH (30 A) as the coupling passive filter with the grid (to facilitate the analysis a L filter was used, however, other solutions as LC or LCL can be used). The digital control of the EVCS prototype was implemented in the DSP F28335 supported by a set of developed external boards used as signal conditioning and as interface between the DSP and the gate-drivers. The voltages and currents were measured using the LEM sensors LV-25 and LA-55, respectively. The prototype was connected to the laboratory grid voltage of 230 V -50 Hz. This strategy was adopted in order to obtain the most real experimental results possible. The electrical appliances of a home were emulated in laboratory using inductors (reactive power), resistors (active power), and a diode bridge rectifier with capacitive output filter (load consuming a current with harmonic distortion), as shown in Fig. 4 . With this setup, it is possible to emulate very realistic linear and nonlinear electrical appliances, e.g., incandescent and LED lamps, computers and TVs. Aiming to control the proposed EVCS, a Qt computer application was developed and used to emulate the energy management of a smart grid, where it is possible to define and control a set of variables (e.g., the EVCS operation in G2V or V2G). In the scope of this paper, the interface of this computer application with the DSP, installed inside the EVCS, is performed using a serial interface. Since the control in terms of the smart grid perspective is out of the scope of this paper, the details of the applications are not presented. Fig. 5 shows the EV current (i ev ) during the EVCS operation as G2V and V2G only with active power. In the first stage (G2V operation), the current i ev increases slowly until the maximum value, which is set according to the charging power defined by the battery management system. This strategy is performed during 18 s and is adopted aiming to prevent sudden variations in the current during the beginning of the EV battery charging. In this specific experimental result, the maximum current was set to 10 A. After a brief interval defined by the control application, in the second stage (V2G operation), the current i ev also increases slowly until the maximum value, which is set according to the power injected into the power grid. In this specific experimental result, the maximum current was set to 10 A in the control algorithm. Also in V2G, targeting to prevent sudden variations, a slowly discharging process performed during 18 s was established. As it can be seen in Fig. 5 , in both G2V and V2G stages, the EV battery current is constant in steady-state.
When the EVCS is operating only with active power, the grid side current (i evcs ) is sinusoidal in both G2V and V2G, i.e., not contributing to the power quality degradation. During the G2V, the grid side current is established in accordance with the required EV charging power defined by the battery management system and, during the V2G, the grid side current is established in accordance with the smart home or the grid requirements. A special emphasis should be recognized for the V2G, since it is an interesting operation for the smart home as a contribution to prevent the actuation of the main circuit breaker. For instance, the EVCS operates in V2G during few moments when the consumed current surpasses the nominal current stated for the home. On the other hand, the V2G mode is also relevant to inject energy into the grid as a contribution for a demand response strategy of the smart grid. In this circumstance, the quantity of active power and the time interval are defined by the cloud-based energy management of the smart grid and transmitted to the EVCS. The grid side current (i evcs ), the EV battery current (i ev ), and the grid voltage (v g ) are presented in Fig. 6: Fig. 6(a) during the G2V; Fig. 6(b) during the V2G. A detailed operation of the EVCS during 50 ms in G2V mode is presented in Fig. 7 . This figure shows the grid voltage (v g ), the EVCS current (i evcs ), and the dc-link voltage oscillation for an average value of 400 V and for an operating power of 1 kW. The experimental results presented in Fig. 8 show the flexible operation of the proposed EVCS. Fig. 8(a) shows the grid side current during the flexible G2V. As observed, the grid side current is adjusted to accomplish with the smart grid energy management. During an initial stage #1, the current has a rms value of 2.5 A, and in the second stage #2 a rms value of 9.5 A, meaning a variation from 0.575 kW to 2.9 kW of absorbed active power. The transient from the stage #1 to the stage #2 was performed with a slow variation during 20 ms according to the emulated requirements of the smart grid. As an alternative of the foregoing, Fig. 8(b) shows the grid current throughout the flexible V2G. In the same way as the previous operation, the injected grid side current is adjusted to accomplish with the smart grid energy management. During an initial stage #1, the current has a rms value of 4.6 A, and in the second stage #2 a rms value of 8.1 A, meaning a variation from 1 kW to 1.9 kW of injected active power. In this case, a sudden variation was considered in order to validate the fast response of the control algorithm, illustrating the feasibility and dynamic operation of the proposed EVCS during the flexible operation. Fig. 9 shows the experimental results attained in two distinct situations, both related with power quality. Fig. 9(a) shows the grid voltage (v g ), the grid current (i g ), and the current consumed by the emulated electrical appliances (i ea ), when the proposed EVCS is injecting energy into the grid and compensating the harmonics of the installation, i.e., caused by the emulated nonlinear loads of the smart home. In this mode, a value of active power was defined in the emulated energy management of the smart grid, allowing to define the respective grid current (i g ). As it can be perceived, part of the current injected by the EVCS is consumed by the electrical appliances and a small part is injected into the grid. Moreover, at the same time of the current injection (i evcs ), the EVCS is also compensating the harmonic distortion, resulting in a sinusoidal grid current (i g ). On the other hand, Fig. 9 shows the grid voltage (v g ) and the EVCS current (i ec2h ) when it is operating with active power to charge the EV (G2V) and with capacitive reactive power, helping to compensate the power factor of the grid. The value of reactive power was defined by the emulated energy management of the smart grid. It is relevant to note that the tasks of current harmonics mitigation and power factor compensation can be performed individually or at the same time. Moreover, at the same time, they can be combined or not with the G2V and V2G. This decision is taken in accordance with the smart grid requirements, as well as considering the advantages and convenience of the EV owner and the battery state-of-charge. The experimental results about the total harmonic distortion (THD%) are presented in Fig. 10 . The THD% of the EVCS current (i evcs ) only during the operation as G2V is presented in Fig. 10(a) . In this mode, as the EVCS operates with a sinusoidal current the measured THD% presents a reduced value of 1%. Considering the emulated linear and nonlinear electrical appliances, their current (i a ) THD is presented in Fig. 10(b) , where a value of 22.3% was measured. During the EVCS operation as G2V and as active power conditioner, the measured value of the EVCS current (i evcs ) was 13.6% (cf. Fig. 10(c) ) and the measured value of the grid current (i g ) was 3.4% (cf. Fig. 10(d) ). As expected, due to the EVCS operation as smart active power conditioner, the THD% of the grid current was reduced from a value of 22.3% to a value of 3.4%.
V. CONCLUSIONS
An innovative multi-objective off-board EV charging station (EVCS) is proposed to enhance the operation of smart homes in smart grids. The paper introduces and presents a set of experimental results about the functionalities that can be addressed by the proposed EVCS. The attractive functionalities of the proposed EVCS are: (a) Flexible charging (grid-to-vehicle -G2V) and discharging (vehicle-to-grid -V2G) modes of the EV battery directly through a dc interface as a contribution for a smart grid; (b) Operation as a smart active conditioner to compensate power quality problems inside the smart home, independently of the EV presence; (c) Operation as a reactive power compensator for the smart grid. Experimental results, obtained with a real-scale developed prototype, show voltage and current waveforms and current harmonics distortion achieved under realistic conditions of operation, which prove the good performance of the proposed EVCS for smart homes and smart grids, both during transient (slow and abrupt variations) and steady-state operation.
